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1 .  SUMMARY  OF  RESEARCH 

Some  high-temperature  polymers,  specifically  two  poly(arylene  ether)s  (6F- 
ETPP-E  and  FEK-E)  and  a  hydroxy-functionalized  polybenzoxazole  (HPBO) 
copolymer,  were  toughened  using  dispersed  rubbery  phases  within  the  polymer 
matrix.  These  rubbery  phases  were  generated  in-situ  via  the  sol-gel  process.  In 
the  case  of  HPBO,  strong  bonding  between  the  organic  and  inorganic  phases 
was  achieved  using  the  bonding  agent  isocyanatopropyltriethoxy  silane.  A  series 
of  samples  were  prepared  with  a  fixed  amount  of  the  dispersed  phase  generated 
using  different  combinations  of  sol-gel  precursors,  tetramethoxysilane  (TMOS), 
methyltrimethoxysilane  (MTMOS)  and  dimethyidimethoxysilane  (DMDMOS). 
Hydrolyses  of  these  two  precursors  gives  silica-siloxane  phases  with  hardnesses 
intermediate  to  the  very  hard  silica  and  the  much  softer  polysiloxane.  The  optimal 
molar  ratio  of  the  sol-gel  precursors  which  gave  the  desired  properties  was  used 
to  prepare  samples  with  varying  amounts  of  the  dispersed  phase.  The  resulting 
samples  were  characterized  with  regard  to  their  transparency,  morphology, 
mechanical  and  thermal  properties,  and  the  extent  of  water  absorption.  The 
clarity  observed  for  the  samples  indicated  good  dispersions  of  the  rubbery 
second  phase  and  the  scanning  electron  micrographs  showed  uniformly 
dispersed  particles.  For  the  poly(arylene  ether)s,  a  significant  increase  in 
toughness  and  ultimate  elongation  were  achieved  for  samples  prepared  from 
relatively  large  amounts  of  sol-gel  precursor  containing  the  larger  number  of  alkyl 
groups.  In  HPBO  samples  having  low  levels  of  the  rubbery  phase,  both 
toughness  and  ultimate  elongation  were  increased  without  causing  any 
significant  change  in  the  modulus  with  increase  in  the  amount  of  rubbery  phase. 
Improvements  in  these  properties  of  the  HPBO  polymer  are  rather  large 
compared  to  those  for  the  poly(arylene  ether)  polymers.  The  results  also 
demonstrated  improved  thermal  properties  and  decreased  water  absorption  of 
the  composites. 

The  above  technique  was  also  applied  to  successfully  toughen  another 
polymer  in  the  poly(arylene  ether)  family,  poly(biphenyl  ether  triphenyl 
phosphate)  (PBETPP).  The  solubilities  of  PBETPP  were  found  to  have  been 
greatly  improved  by  sulfonation.  In  order  to  prevent  macro-phase  separation, 
strong  interactions  between  the  organic  and  inorganic  phases  in  the 
PBETPP/silica-siloxane  composites  was  introduced  by  addition  of  N,N- 
diethylaminopropyl-trimethoxysilane  (DEAPTMOS).  The  extensibility  of  the 
toughened  PBETPP  was  found  to  increase  significantly  with  increase  in  the 
amount  of  silica  introduced.  For  example,  the  composites  had  a  20  % 
extensibility  when  the  content  of  silica  was  8  %.  Also  of  importance,  the  glass 
transition  temperature  decreased  only  slightly. 

In  a  related  study,  aerogels  were  prepared  so  as  to  have  a  hybrid  structure, 
by  carrying  out  the  supercritical  drying  process  on  composites  consisting  of  an  in- 
situ  generated  silica  network  as  the  inorganic  phase  and  a  high-temperature 
polymer  as  the  organic  phase.  The  goal  was  to  maintain  the  best  properties  of 
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both  components,  for  example,  decreasing  the  brittleness  of  the  ceramic  phase 
with  the  polymeric  phase.  A  poly(benzobisthiazole)  of  very  high  thermal  stability, 
with  sulfonation  to  increase  its  reactivity,  was  chosen  for  the  organic  phase,  and 
it  was  bonded  to  the  silica  phase  by  the  silane  coupling  agent  N,N- 
diethylaminopropyl  trimethoxysilane.  A  range  of  polymer/silica  compositions  was 
investigated,  and  the  resulting  materials  were  characterized  using  small  angle  x- 
ray  scattering,  N2-absorption  measurements  and  transmission  electron 
microscopy.  The  values  of  Young’s  moduli  obtained  from  the  initial  slopes  of  the 
compressional  stress-strain  curves  decreased  with  increase  in  the  amount  of 
polymer  present  in  the  aerogels.  According  to  the  compressional  stress-strain 
results,  the  deformability  of  silica  aerogel  is  significantly  increased  by  the 
incorporation  of  organic  polymer  into  the  inorganic  silica  network  structure. 
Values  of  Poisson's  ratio  were  also  determined  and  used  to  estimate  longitudinal 
sound  velocities,  which  can  be  important  in  some  applications  of  aerogel 
metarials  in  general. 

A  polyamide  or  "Nylon"  having  a  silane  coupling  agent  as  the  side  chain  was 
synthesized  by  reacting  a  commercial  Trogamid  sample  and  an  epoxysilyl 
compound,  using  triethylenediamine  as  catalyst  at  50-60  for  3  days.  The  dried 
films  exhibited  some  improved  ultimate  properties,  including  toughness,  at  lower 
epoxysilane  contents.  In  particular,  the  tensile  strengths  of  the  samples  that  were 
annealed  at  1 20  were  greatly  improved.  For  the  polyamide-epoxy  composites 
with  a  difunctional  silane,  the  maximum  extensibility  was  increased  by  increasing 
the  silane  content,  but  at  the  cost  of  decreasing  tensile  strengths.  For  the  sample 
with  20  %  difunctional  silane  (relative  to  the  amount  of  silica),  the  tensile  strength 
was  still  high  and  the  toughness  was  greatly  improved.  For  the  20  and  40  mole  % 
polyamide-epoxysilane  composites  with  20  %  difunctional  silane  (again  relative  to 
the  amount  of  silica),  the  40  mole  %  sample  had  higher  tensile  strength  but  less 
toughness  than  the  20  mole  %  sample.  The  Trogamid  and  an  isocyanatosilyl 
compound  were  also  reacted  under  the  same  conditions  but  only  the  isocyanate 
groups  reacted  with  the  polyamide  end  groups  (carboxylic  acids  and  amines). 
The  dried  films  showed  properties  similar  to  those  of  the  polyamide-silica  hybrid 
materials  with  tetraethoxysilane.  The  tensile  strengths  of  the  polyamide- 
isocyanatosilane  composite  with  trifunctional  silane  increased  somewhat,  but  at 
the  cost  of  decreased  toughness.  Overall,  the  results  provided  guidance  on  how 
to  optimize  the  properties  of  an  important  polyamide  for  a  given  specification  of 
applications. 

For  purposes  of  comparison,  some  composites  were  also  prepared  by 
blending  fumed  silica  into  the  polyamide,  both  with  and  without  a  coupling  agent. 
These  more  common-place  materials  were  similar  to  the  polyamide-silica 
composites  reinforced  by  in-situ  produced  phases.  Those  without  a  coupling 
agent,however,  had  lower  increases  in  tensile  strength  (typically  around  10  % 
compared  to  25  %).  Scanning  electron  micrographs  of  these  composites  showed 
non-adhering  silica  particles  in  relatively  large  agglomerates.  Including  a  bonding 
agent  increased  tensile  strengths  and  produced  evidence  for  better  adhesion 
between  the  organic  and  inorganic  phases. 

The  most  significant  accomplishments  were  successfully  improving  some  of 
the  mechanical  properties  of  high-temperature  polymers  of  interest  to  the  US  Air 
Force. 
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